The measurements of magnetic susceptibility, EPR and NEXAFS-spectroscopy study of the ironcontaining solid solutions of bismuth niobate Bi 3 NbO 7 has indicated that iron atoms are represented by monomeric Fe(III) and Fe(III)-O-Fe(III) exchange bound dimers with the ferromagnetic and
Introduction
Bismuth niobate Bi 3 NbO 7 and its solid solutions are perspective basiс substances for oxygen sensors and for catalytic reactors as membranes with oxygen-conducting properties [1] [2] [3] , photocatalysts in UV and visible spectral regions [4, 5] . Bismuth niobate undergoes the reconstructive reversible phase transition from cubic phase to tetragonal one at 830 °C and the cubic phase appears again at 900 °C [6] [7] [8] . Cubic bismuth niobate is characterized by defective fluorite-like structure with the following parameters (Fm3m, а = 0.548 nm). Cation positions of bismuth (III) and niobium (V) are distributed in the same crystallographic system [9] . The niobium atoms are arranged in distorted coordination octahedra [6, 10] , the niobium-oxygen octahedra are bound by oxygen vertices, forming chains or blocks [3, 6, [10] [11] [12] [13] [14] . Previous studies of the magnetic properties of solid solutions of niobate of bismuth of cubic modification containing paramagnetic ions of 3d-elements [15] [16] [17] have shown that, due to the charge imbalance and highly distorted coordination polyhedron in the dilute solutions, the paramagnetic atoms were preferably in the oxidized state, e.g. Ni(III), Mn(III), Mn(IV). The concentrated solid solutions Bi 3 Nb 1-x M x O 7-δ (M -Ni, Mn) are stabilized by the formation of clusters of paramagnetic atoms with the antiferromagnetic exchange type, which manifestation is possible due to aggregated niobium-oxygen octahedra in the structure.
In this paper, the state and nature of the iron paramagnetic exchange interactions in the Bi 3 Nb 1-x Fe x O 7-δ solid solutions were studied by means of magnetic dilution, EPR and NEXAFSspectroscopy. The parameters of exchange interactions in clusters of iron atoms were calculated. The solid solution composition as a function of the content of paramagnetic atoms was modelled.
Experimental part
The samples of bismuth orthoniobate solid solutions of cubic modification were synthetized by the solid-phase method from "special pure" grade oxides of bismuth (III), niobium (V) and iron (III). This method included staged calcination at the temperatures of 650 °C and 950 °C. Phase composition of the samples was monitored by means of scanning electron microscopy (electron scanning microscope Tescan VEGA 3LMN, energy dispersion spectrometer INCA Energy 450) and X-ray phase analysis (a DRON-4-13 diffractometer, CuKα emission), parameters of the unit cell of the solid solutions were calculated using the CSD program package [18] . The quantitative measurement of iron content in the samples was performed by atom-emission spectrometry (a spectrometer SPECTRO CIROS of ICP type), the accuracy was ±5% of the parameter x in the formula of the solid solutions. In the study of the solid solution samples, the magnetic susceptibility was measured by the Faraday method at sixteen fixed temperatures in the temperature range of 77-320 K. The relative measurements were characterized by the accuracy of 2%. The spectra of EPR of the polycrystalline bismuth orthoniobate preparations were registered using a RadioPAN SE/X 2547 radiospectrometer of X-diapason (Center for Collective Usage "Geonauka" at the Institute of Geology of Komi Scientific Center of Ural Branch of RAS). Spectra were received at room temperature using a rectangular resonator (RX102, TE 102 mode) in the form of the first derivative at the 100 MHz HF modulation frequency with the 0.25 mT amplitude and the 35 mW SHF field power. A batch of a preparation (≈100 mg) was placed into a quartz tube with 4 mm external diameter.
The anthracite EPR signal (g 0 = 2.0032, Bpp = 0.5 mT) was used for amplification calibration of the instrument. The spectra were recorded in the magnetic field range from 0 to 700 mT and the lines of the reference were separately recorded with the scan step of 5 mT. The total spectra were normalized to the reference line intensity and then to 100 mg of the sample. The near-edge X-ray absorption fine structure (NEXAFS) of the Fe2p-absorption spectra of the iron-containing solid solutions Bi 3 Nb 1-x Fe x O 7-δ and oxides of iron was received using a synchrotron radiation source at the BESSY-II, Russian-German beamline in Berlin [19] . Each spectrum was registered in the mode of total electron yield (TEY) [20] .
Results and discussion
The solid solutions Bi 3 Nb 1-x Fe x O 7-δ were obtained in the narrow concentration interval, x ≤ 0.06 [21] .
The measurements of magnetic susceptibility allowed us to calculate the paramagnetic components of the magnetic susceptibility for the solid solutions and the values of the effective magnetic moments of iron atoms corresponding to various concentrations of the solid solutions and temperatures. The diamagnetic corrections for calculating the paramagnetic component of the magnetic susceptibility were taken considering the susceptibility of the matrix of bismuth niobate Bi 3 NbO 7 of cubic modification, measured in the analogous temperature range [22] . The temperature dependence of the reciprocal of the magnetic susceptibility paramagnetic component, which was calculated for a mole of atoms of the paramagnetic obeyed the Curie-Weiss law in the investigated temperature range for all ironcontaining solid solutions. The isotherms of a paramagnetic component of iron magnetic susceptibility The spectra of EPR of the Bi 3 Nb 1-x Fe x O 7-δ solid solutions at 0.006 ≤ х ≤ 0.06, as well as the calculated powder spectra of Fe 3+ ions in cationic positions of lithium and niobium (V) of lithium niobate crystal with the parameters of the spin Hamiltonian of the Fe1 (Fe 3+ (Li)) and Fe4 (Fe 3+ (Nb)) centers are shown in Fig. 3 [21, 23, 24] . A software package Easyspin for the MathLab programming environment was used for the modeling of the spectra [25] . The narrow line on the experimental spectra with g 0 = 2.0032 refers to the standard.
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The ferromagnetic nature of the interaction in iron clusters remained up to х≤0.006. The nature of the temperature dependent change in the magnetic moment with increasing paramagnetic atom concentration in the solid solutions indicated the dominance of the antiferromagnetic type of exchange between iron atoms (Fig. 2) . (Nb)) centers are shown in Fig. 3 [21, 23, 24] . A software package Easyspin for the MathLab programming environment was used for the modeling of the spectra [25] . The narrow line on the experimental spectra with g 0 = 2.0032 refers to the standard. The spectrum of the sample with minimum iron content contained a symmetric signal with g = 4.27 (�B pp ≈ 29 mT) with a weak shoulder at g ∼ 8. Such a spectrum can be explained by structurally isolated Fe 3+ ions located in relatively strong crystal field, characterized by the parameter of axial field D > hν SHF , where ν SHF ∼ 9.4 MHz, and the maximum degree of orthorhombic distortion of ∼ 1/3 [23] . Presumably, the appearance of the octahedral positions of iron with strong rhombic distortion is related with the compensation of excess charge by oxygen
vacancies in the nearest surroundings leads to the strong distortion of the octahedral position of iron and to the appearance of the band with 4.27 in the spectrum of EPR. The line with g ∼ 8 can be associated with the presence of the paramagnetic atom aggregates [26] .
The samples of Bi 3 Nb 1-x Fe x O 7-δ solid solutions at 0.02 ≤ х ≤ 0.04 had a low-intensity broad band in the region of g ~ 2.28 of their spectra, which corresponds to iron (III) atoms occupying
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] vacancies in the nearest surroundings leads to the strong distortion of the octahedral position of iron and to the appearance of the band with 4.27 in the spectrum of EPR. The line with g ∼ 8 can be associated with the presence of the paramagnetic atom aggregates [26] .
The samples of Bi 3 Nb 1-x Fe x O 7-δ solid solutions at 0.02 ≤ х ≤ 0.04 had a low-intensity broad band in the region of g ~ 2.28 of their spectra, which corresponds to iron (III) atoms occupying the cationic positions of bismuth, because a line with a close effective g-factor value is present in the spectrum of EPR of a resembling complex in monocrystal niobate of lithium (Fig. 3) . The low-field part of the broad line of 4.27 probably has a line of axial complexes of Fe (III)(Bi) with g ∼ 4.5. The spectra of EPR of the solutions with x > 0.04 exhibited a broad, slightly asymmetric line (ΔB pp ∼ 100 mT) centered around g ∼ 2.0. The Lorentz shape approximated well the segment of the line in the high-field. The lack of noticeable structure of the line with g about 2.0 and the appearance of the signal in the high iron content samples indicated its origination from iron (III) ions in the octahedral coordination. by the NEXAFS spectroscopy in order to determine the degrees of oxidation of iron atoms. The analysis of the NEXAFS Fe2p-spectra of iron-containing solid solutions and iron oxides (Fig. 4) revealed that the studied Fe atoms were mainly in the +3 oxidation state. The spectra of iron oxides
FeO recorded in the present study correspond to the Fe2p-spectra, which were studied earlier [20] .
The solid solution compositions depending on the content of the paramagnetic were modeled by the theoretical estimation of the susceptibility and by the comparison of the calculated values with the experimentaly obtained values. (Fig. 4) revealed that the studied Fe atoms were mainly in the +3 oxidation state. The spectra of iron oxides FeO recorded in the present study correspond to the Fe2p-spectra, which were studied earlier [20] . The solid solution compositions depending on the content of the paramagnetic were
The computation and plotting of the experimental dependencies of χ para (Fe) on the solid solution concentrations were carried out within the framework of the dilute solid solution model, on the basis which, the magnetic susceptibility is defined as the sum of the contributions from on the basis which, the magnetic susceptibility is defined as the sum of the contributions from [27] .
There are five independent parameters in the equation (1) According to the Heisenberg-Dirac-van Vleck model [27] , Hamiltonian of the spin-spi interaction for a dimer looks like (2):
Here, J is the parameter of isotropic exchange and S is the operator of the total angular spi moment.
Then χ dim is determined with the help of the relationships (3) - (6) . Heisenberg-Dirac-van Vleck model [27] , Hamiltonian of the spin-spin looks like (2):
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is the Fe(III) monomer magnetic susceptibility 
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are the magnetic susceptibilities of the dimers (Fe(III)-O-Fe(III)) with ferro-and antiferromagnetic types of exchange, determined by the Heisenberg-Dirac-van Vleck model [27] .
Then χ dim is determined with the help of the relationships (3) -(6). [27] .
where The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was calculated by the equation (6): Table 1 . parameter of exchange, Т -the absolute temperature.
The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was calculated by the equation (6): Table 1 . The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was calculated by the equation (6): Table 1 . The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was calculated by the equation (6): Table 1 . Table 1 . The paramagnetic component of the magnetic susceptibility of Fe(III)-O-Fe(III) dimers was alculated by the equation (6): . With an increase in the content of atoms of Fe(III) in these solutions, the fraction of exchange bound aggregates that stabilize the crystal structure are increasing due to the localization of aggregates near the oxygen vacancies, which reduces the degree of distortion of the oxygen surroundings of the paramagnetic atoms. This is the cause of the increase in the fraction of aggregates with antiferromagnetic exchange type, realized through the exchange channels . The appearance of the dimers instead of more complexly organized aggregates or paramagnetic atom chains is probably can be explained by the fact that these solid solutions have low concentration of the atoms with paramagnetic properties.
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